ABSTRACT This paper focuses on the shielding effectiveness (SE) prediction of the periodic aperture array on an infinite conductor plane against a plane electromagnetic wave with its wavelength much larger than the size of a unit cell of the array. Especially, the existing analytical expressions of SE are combined to cover the entire range of the aperture rate, which is defined as the ratio of the side length of the aperture to that of the unit cell. The combination is carried out by bridging the small aperture model and the wire mesh model. Then, a multi-stage model based on the piecewise function of the aperture rate is presented to calculate the SE for any aperture rate. The model is also extended to consider different wave polarization and incident angles. The results of the model are in good agreement with those from the full-wave simulation. The applicability of the model to a different thickness and aperture shape is discussed. In addition, the upper-limit frequency at which the model is no longer applicable is also analyzed.
I. INTRODUCTION
Due to widespread applications of electronic devices sensitive to spatial electromagnetic disturbances (EMD), electromagnetic shielding, which is the practice of reducing the electromagnetic field within a space by blocking the field with barriers made of metal materials, as a kind of suppression technique of EMD has been paid extensive attention [1] , [2] . The shielding effectiveness (SE) employed to measure the shielding performance is defined as SE = 20 log 10 (1/ |T |)
where, T denotes the insertion loss of a shield and is calculated as the ratio of the electric (magnetic) field intensity with the shield loaded to that with the shield removed. Electromagnetic shielding effectiveness of an infinite conductor plane with an array of apertures is a classical electromagnetic problem. Numerical methods can be adopted to solve this problem with the advantage of wide feasibility for various aperture shapes, such as square [3] , circular [4] and crisscross [5] . However, numerical methods usually have
The associate editor coordinating the review of this manuscript and approving it for publication was Kwok L. Chung. drawbacks including complex implementation process and large computer memory requirement [6] . Analytical solutions are clear in physical significance and easy to be implemented, while its scope of application is limited to some canonical geometry, such as square [7] , circular [8] , rectangle [9] . Even so, finding effective analytical solutions or reliable approximate formula solutions remains to be desirable and valuable work.
In the case where the opening area is the same, the shielding effect of the circular and square opening shapes is good because the ratio of the area to circumference is small. in case of circular apertures, the corresponding analytical expression of the SE has been reported [10] . Therefore, we study the electromagnetic shielding problem of an infinite conductor plane with periodic square apertures, as shown in Fig. 1 . Wherein, d is the side length of a unit cell, a is the side length of a square, and t is the thickness of the plane. The aperture rate is defined as a/d. When a is significantly smaller than d (a/d tends to 0), the structure can be considered as an array of small apertures. When the aperture is very large (a/d tends to 1), the structure is regarded as a wire mesh, and the SE can be solved by the equivalent circuit model based on the surface impedance of the wire mesh given in [11] . The calculation of the wire mesh is also mentioned in [12] , which is a wire mesh with a circular cross section. Different wave polarization and incidence modes are also analyzed in this paper. However, when the size of the aperture is between the above two extremities, it needs further investigations to find if the above models are still appropriate.
This paper develops a multi-stage model of the SE for the whole interval of a/d ∈ (0, 1) by bridging the two extremities. The applicability of the model to different frequencies is analyzed. The model is extended to consider different thicknesses, wave polarization, incident angles and opening shapes. This paper is organized as follows. Section II introduces the small aperture model and the wire mesh model and the procedure to develop the multi-stage model of SE is also described in this section. In section III, the application of the model is discussed based on full-wave simulations (CST, Microwave studio [13] ). Finally, section IV summarizes the result of this paper.
II. THEORY A. SHIELDING EFFECTIVENESS OF THE WIRE MESH
When a and d are comparable, the configuration of Fig. 1 can be equivalent to the wire mesh as Fig. 2(a) shown. Fig. 2(b) shows its equivalent circuit. The incident wave is represented by a voltage source with voltage U 0 and internal impedance Z 0 . Wherein Z 0 is the free-space intrinsic impedance. The wire mesh is denoted by two parallel impedances, Z g and Z g⊥ . When the direction of electric field component of the incident plane wave is shown in Fig. 2(a) , the impedance of the strips parallel to the electric field is represented by Z g and the impedance of the strips perpendicular to the electric field is represented by Z g⊥ [11] :
wherein, ω is the angular frequency. The impedance of the penetration field is described by Z 0 . We assume that U s = 1. According to Fig. 2 , the load voltage is With the conductor plane removed, the corresponding load voltage is U 0 = 1/2. Then, T and SE of the wire mesh are defined as, respectively
B. SHIELDING EFFECTIVENESS OF THE PERIODIC APERTURES
When a/d is small, Fig. 1 can be considered as the plane with periodic small apertures. Referring to [10] , the SE of the plane with arrays of circular apertures for vertical polarization could be expressed as SE c = 20 log 10 (3Sλ/16π r 3 ) (7) where S is the area of a unit cell, S = d 2 . λ is the free space wavelength, and r is the radius of a circular aperture. According to Bethe's theory, the penetration of electromagnetic field through an electrically small aperture could be calculated by using the equivalent dipoles, including an equivalent electric dipole and a magnetic dipole associating with the normal electric field and tangential magnetic field on the aperture surface respectively. Only the equivalent magnetic dipole works for vertical polarization because the normal component of the electric field is zero. The magnetic dipole moment is the product of the tangential magnetic field with the polarization coefficient of the apertures. In [14] , the polarization coefficients of circular and square apertures are respectively. So (7) can be written as SE c = 20 log 10 (Sλ/4π α mc ) (10) By replacing the magnetic polarization coefficient of circular apertures with that of square apertures, the SE for the small square aperture can be calculated by SE h = 20 log 10 (Sλ/4π α ms ) = 20 log 10 (d 2 λ/1.04a 3 π) (11)
C. THE PIECEWISE FUNCTION OF SHIELDING EFFECTIVENESS Fig. 3 shows the SE as a function of a/d with different frequencies. The calculations of SE are carried out by (6), (11) and the full-wave simulation software. Fig. 3(a) shows that the curve of (6) does not intersect with the curve of (11) . The result of the full-wave method is consistent with (11) when a/d is small. After a/d is larger than a value, the simulation result is close to (6) . In Fig. 3(b) , the two curves have an intersection. Simulation results located on the left and the right of the intersection are close to the calculated results by (11) and (6), respectively. Therefore, the evaluation of the SE is divided into two cases: the two curves based on the above expressions intersect and do not intersect. Next, the premise of existence of intersection is analyzed first. It can be deduced that SE h > SE w when a/d tends to 0. In case of a/d = 1, SE w is closed to 0 referring to the expressions of surface impedances. If SE h < SE w , that is SE h ≤ 0 at the point of a = d, two curves intersect. So f ≥ c/(1.04dπ ) is obtained by substituting a = d into SE h ≤ 0. Namely, the intersection exists when the frequency is higher than the critical frequency f c = c/(1.04dπ ).
k is defined as the value of a/d at the intersection where (11) equals to (6) . By solving this equality, the variation of k with λ/d is shown in Fig. 4 , which reveals that k > 0.6 for λ/d from 1 (the premise of (11)) to 3.2(the premise of existence of intersection). In addition, k is found to be expressed approximately by a linear function of λ/d by
For f ≥ c/(1.04dπ ), the SE can be calculated by the twostage model as following:
6) is adopted. As for f < c/(1.04dπ), the SE can be calculated by the three-stage model as following:
the linear function is adopted.
Because the results of (11) always agree better with that obtained by the full-wave method only if a/d < 0.7, the value of k 1 must not less than 0.7. So k 1 , k 2 are selected from 0.7 to 1. The root mean square error (RMSE) is defined as following
In the range of a/d ≥ 0.7, N different samples are selected with equal interval for calculation. Where SE m , SE n are the SE based on the three-stage model and the full-wave simulation, respectively. Fig. 5 shows the dependence of the root mean square error for different combinations of k 1 and k 2 .
The optimum values of k 1 and k 2 are 0.7,0.95, respectively.
III. DISCUSSIONS A. THE APPLICATION OF THE PIECEWISE FUNCTION
In this part, the case of d = 4cm is calculated. The critical frequency is 2.3GHz. Fig. 6 shows the SE as a function of a/d with vertical polarization. The three-stage model is employed for 500MHz and 1GHz ( Fig. 6(a) ), and two-stage model is employed for 3GHz (Fig. 6(b) ). When a/d is extremely large (larger than 0.97), the result of the expressions is lightly inconsistent with full-wave simulation results. However, the SE is very poor in this case, which simply means that it is not feasible for practical shielding applications. When a/d is very small (less than 0.01), although the relative error becomes slightly large, the SE has reached more than 200 dB, which is usually much larger than the practical shielding requirement.
B. THE THICKNESS OF THE PLANE
When a/d is small, owing to the influence of depth of the aperture, the cutoff waveguide attenuation should be taken into consideration, from which the SE resulted is given by [15] SE wg = 8.687t · (2π/c) (c/2a
where c is speed of light in vacuum, f denotes the frequency of the incident plane wave. SE wg cannot be ignored when f is low, and t is comparable with a. As for the wire mesh, taking the influence of thickness into consideration, the effective opening width is calculating as [9] a eff = a − 5t[1 + ln(4π a/t)]/4π (16) When t = 1 mm, a eff is about 90% of a, and when t is 2 mm, a eff to a is approximately 80%. The parameter a in (2)- (6) should be substitute by a eff . The SE of wire mesh can be calculated as SE w-new = 20 log 10 (1/ T eff ) (17) Fig. 7 compares the result of two-stage model and fullwave simulation for f = 3GHz. For the small aperture model, the accuracy is significantly improved compared to thickness not accounted. As the opening increases, three curves substantially coincide. For the wire mesh model, the difference between the two is not much different from the case of not counting the thickness. Fig.8 illustrates the SE of t = 1mm(a) and 2mm(b) versus a/d for f = 1GHz. Similar to two-stage model, the improved effect is obvious when a/d is small. As for a is closed to d, the accuracy of the thickness considered is a little improved compared with the previous one. Therefore, in the following analysis, both the two-stage model and the three-stage model are calculated in consideration of thickness. than 10%. The inconsistency increases with increasing frequency. When f = 7GHz (λ = d), the difference is 10 dB, because the premise of the Bethe's theory is λ >> d. For a/d = 0.98, when the frequency is less than 2GHz, the results of two methods are in good agreement. The SE is almost zero when frequency is larger than 2 GHz, whether the large hole model is effective is of little significance. So, the multi-stage model is applicable for λ ≥ 2d.
D. THE POLARIZATION OF PLANE WAVE AND THE INCIDENT ANGLE
According to [12] and [16] , taking the incident angle θ into consideration, the SE of square apertures is given by
for perpendicular polarization, and SE = 20 log 10 cos θ
for parallel polarization. In Fig. 10 and Fig.11 , the incident angel is considered and t = 1mm is chosen. The SE is calculated as a function of a/d with different incident angels and frequencies for perpendicular polarization in Fig. 10 , and for parallel polarization in Fig. 11 . The SE does not change much in case of θ = 30 • and 60 • . For perpendicular polarization, the SE of θ = 60 • is greater than θ = 30 • , and the opposite is shown for parallel polarization. The discrepancy between expressions and fullwave simulations increases as the incident angle increases for perpendicular polarization.
E. THE SHAPE OF THE APERTURE
The case of rectangle opening is presented to analyze the applicability of opening shape for the multi-stage model. For the small aperture model, the polarization coefficient in (10) is replaced with that of the corresponding shape [14] . For the wire mesh model, the parameter a in (2) is substituted by the distance of wires parallel to the electric field and the parameter a in (3) is substituted by that the distance of wires perpendicular to the electric field. Take the example of a rectangle with an aspect ratio of 2 as shown in the Fig. 12 . Equation (15) is adapted when a/d is 0 to 0.7. The polarization coefficient of rectangular is substituted into (15) and the results is shown in Fig.13(a) [14] . The difference of results of full-wave simulation and expressions is less than 10% when a/d from 0 to 0.7. Equation (17) is adapted when a/d = 0.5 − 1. Assuming that the incident electric field is in the x direction, the parameter a in (2) is the distance of adjacent wires in the x direction, and a in (3) is the distance of adjacent wires in the y direction. Fig. 13(b) shows the results of the fullwave method and expressions. The difference between two methods is less than 3dB except a is extremely closed to d.
The results obtained from the two-stage model and the three-stage model in section II are shown in Fig. 14 for different frequencies. The agreement of two methods for f = 1GHz is well, so, the three-stage model of k 1 = 0.7, k 2 = 0.95 is effective in this case. For f = 3GHz, there are some disagreements when a/d is around 0.8 because the calculation of the intersection should be further correction. Therefore, the bridging method in Section II may not be applicable for different opening shapes. 
IV. CONCLUSION
The shielding effectiveness prediction of the periodic aperture array on an infinite conducting plane against a plane electromagnetic wave is studied in this paper. A multi-stage model carried out by bridging the small aperture model and the wire mesh model is presented to calculate the shielding effectiveness.
1) The multi-stage model is based on the piecewise function covering aperture ratio from 0 to 1. When the frequency is higher than the critical frequency, two-stage model is applied. The small aperture model is adopted for the aperture rate less than the critical rate k. Otherwise, the wire mesh model is adopted. When the frequency is lower than the critical frequency, the small aperture model is adopted for the aperture rate below 0.7, the wire mesh model otherwise for the aperture rate above 0.95, and tapers linearly with the rate increasing from 0.7 to 0.95.
2) With perpendicular polarization, the SE is proportional to cosθ . The SE increases as the angle of incidence increases. With parallel polarization, the relationship between SE and θ is relatively complicated. On the whole, the SE increases as the angle of incidence decreases.
3) For the case that the thickness is not particularly large (not larger than 2mm), the waveguide effect is considered for the small aperture model, and the modified opening width a eff is applied for the wire mesh model. There is little effect on thickness for the wire mesh model. 4) When the frequency exceeds 3.75GHz, the small aperture model is no longer applicable. In this case, the SE of large apertures is low, which is not feasible for practical application. Therefore, λ ≥ 2dis the upper-limit frequency of the multi-stage model. 5) For other aperture shape, the small aperture model is still applicable only if the corresponding magnetic polarization is given; The wire mesh model is also feasible only if the distance used in the impedance formula is replaced by that between the neighbor wire parallel to the electric field. The calculations for a rectangular opening with an aspect ratio of 2 indicates that although the multi-stage model turns poor applicability, the consistency with full-wave simulation is still good.
